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Abstract 
A new distributed intrinsic fibre optic sensor has been developed by Intelligent Optical Systems (IOS) for in situ 
measurement of dissolved CO2 in brines at conditions relevant for applications in groundwater analysis, Carbon 
Capture and Storage reservoir surveillance, environmental monitoring of sweet/sea water systems and general water 
remediation applications. Our tests have shown that the sensor can withstand exposure to increased total pressures 
(up to 350 psi) and provide a stable signal response proportional to dissolved CO2 concentrations in an aqueous 
solution. This is the first implementation of a distributed optical sensor, which is sensitive to dissolved CO2 
concentration or partial pressure of CO2 and also exhibits feasibility to commercially produce lengths relevant for 
actual reservoir monitoring. In addition, first promising results from high-pressure experiments suggest that the 
sensor has potential for eventually being used in long-term installations for measuring dissolved CO2 concentrations 
at different reservoir depths. With regard to carbon sequestration, these first high-pressure experiments represent a 
first step in the development of a new fibre optic sensor system that can eventually be employed to continuously 
monitor the reservoir and overlying rock layers for CO2 leaks, quantify the extend of the potential leak and help to 
take informed decisions regarding remediation and further leak-containment measures. 
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1. Introduction 
Determination of dissolved CO2 concentration in aqueous solutions plays a crucial role in the long-term 
monitoring of the seal integrity monitoring for Carbon Capture and Storage (CCS) reservoirs. Conventional 
groundwater monitoring is typically performed by aquifer sampling in a deep well and following analysis in the 
laboratory. Given the large area of the reservoir and the complexity of the heterogeneous subsurface geology, 
employment of conventional sampling techniques is too costly and labor intensive for CCS scenarios. This raises the 
need for an in situ measurement system consisting of distributed sensors capable of collecting temporally and 
spatially resolved CO2 solubility data.    
 
Realizations of distributed monitoring typically fall into one of two categories. In the first category a large 
number of point sensors are deployed and connected to form a complex sensor network, while the second category 
consists of long-length sensors, connected to a readout unit capable of providing analytical information with spatial 
resolution through the length of the sensor. Associated with the latter method is lower cost and lower complexity, 
which generally renders it the approach of choice in most applications. Fiber optic (FO) sensors are a common 
choice of sensor technology [1] usable for the later approach and distributed sensors for measuring of strain rate, 
temperature, pressure or acoustic fields, among other physical parameters have been developed and are widely 
employed in the petroleum industry and in civil engineering [2, 3, 4, 5, 6]. However, developing distributed sensor 
for chemical monitoring remains a challenge and only few fiber optic distributed sensor system have been described 
and are commercially available [4, 7].  
 
Fiber optic chemical sensors (FOCS) for monitoring CO2 incorporating a sensor element at the tip of the light 
guide have been described for use in medical and environmental applications since the 1980s [2]. Almost all of those 
sensors use a pH indicator dye immobilized in gas-permeable but water-impermeable polymer. The permeation of 
CO2 gas into the polymer and subsequence hydration generates carbonic acid, whose presence is detected by the pH 
indicator dye. Based on this approach, IOS has developed a first fiber optic sensor for CO2 in which the entire length 
of the optical fiber is intrinsically sensitive to CO2 both in dissolved and gas phase, which makes the sensor very 
attractive for monitoring CO2 in CCS due to the large area a single sensor can cover. Eventual employment of these 
fibers in the field will enable spatially and temporally averaged or discrete detection and quantification of CO2, 
which represents crucial information for the safety evaluation of a CCS reservoir.  
 
In this paper we first present the evaluation of these fiber optic intrinsic sensors for CO2 under experimental 
conditions relevant for a real CCS scenario. We then elaborate on the results of the experiments and evaluate their 
implications, followed by a discussion regarding further sensor adaptations and ongoing work steps.  
 
 
2. Methods  
2.1. Fiber optic sensor and cladding formulation  
A light-guiding silica glass core is cladded with an optical-grade polymer containing a colorimetric indicator 
chemistry whose absorption properties vary with the presence of carbon dioxide [8]. In all optical fibers an 
“evanescent field” of optical energy extends into the fiber cladding. In these sensors, the evanescent field is partially 
absorbed by the indicator chemistry [4, 9]. Upon exposure, the CO2 diffuses into the cladding, causing a (reversible) 
change in the cladding absorption. This change in the absorption of the indicator results in a variation of the 
attenuation of the light transmitted through the fiber, proportional to the concentration of carbon dioxide 
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Figure 1: Evanescent field phenomenon in an optical fiber. 
 
Cladding formulations were selected based on ongoing research work on development of CO2 sensors at IOS.  
 
Cladding Polymer IOS - 194 
Indicator Phenol Red-TOA (0.03% to 1.5% w/w) 
Base TOA-OH (1.5 to 5% w/w) 
Table 1: Composition of sensitive polymer cladding formulations 
 
IOS-194 is a silicone rubber that contains poly(dimethyl)siloxane hydroxyl-terminated, trimethylated silica and 
methyltrimetoxysilane. Chemicals Phenol red and TOA-Br (Tetraoctylammonium bromide) are used directly as 
bought from Sigma-Aldrich. Phenol Red-TOA complex has been pre prepared by simple ion exchange 
complexation of TOA-Br (tetraoctylammonium bromide) and Phenol Red to enhance solubility of Phenol red in 
polymer matrix. TOA-OH (Tetraoctylammonium hydroxide) has been prepared by catalytic anion transfer reaction 
of TOA-Br (tetraoctylammonium bromide) with Ag2O in presence of ethanol. The mechanism of CO2 sensing by 
employing colorimetric indicators and the role of hydrophobic base TOA-OH has been explained in detail in many 
previous literature works [2, 3, 7]. 
 
Fiber sensor prototypes in the 10s of meter range are fabricated at IOS using a recoating machine equipped with a 
heat-curing system. Bared 125 micron silica core fibers obtained from Polymicro Technologies are recoated with the 
formulation recorded in table 1 and exposed to heat (at 120 qC) for 2 minutes at controlled relative humidity for 
curing. The cladding thickness is controlled by selecting the size of the cup used for injecting the doped polymer to 
the fiber core. After coating the sensitive cladding on to the silica core, the FOCS is stabilized for a week under 
ambient environment followed by stabilization of the sensor in aqueous medium for about 7 to 10 days before 
testing. 
2.2. Experimental setup 
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Two different experimental setups were employed to study the analytical characteristics of the fiber optic sensors, 
one at IOS for investigating the sensor response at atmospheric (ambient) pressures and one at Stanford evaluating 
the sensor response and stability at elevated pressure. The systems achieve varying CO2 partial pressure, and 
therefore varying concentration of dissolved CO2 in two different ways. The setup at IOS works at constant total 
pressure and varying percentages of (v/v) of CO2 in nitrogen. In that way varying partial pressures of CO2 in the gas 
stream are achieved, which, when equilibrated with an aqueous solution, results in varying concentration of 
dissolved carbon dioxide. The Stanford setup operates at a constant percentage of CO2 in nitrogen in the gas phase 
and varying the total pressure of the system, which results in varying partial pressure of CO2 in the gas phase, 
which, when equilibrated with an aqueous solution, results in varying concentration of dissolved CO2.  
 Figure 2 gives an illustration of the high-pressure setup used at Stanford. Pumps A was initially filled with the 
specified gas mix from a high pressure gas cylinder and kept at 35 qC by means of a connected water bath. Gas was 
then injected at a specified flow rate into the water-filled pressure vessel (‘Fluid in’ in drawing) and its saturation 
state surveyed with the fiber optic sensor. The pressure and temperature inside the pressure vessel were continuously 
registered using separate sensors. Consumed gas was released (through ‘Fluid out’ in drawing) and then guided into 
a fluid accumulator to prevent swept water from entering the gas pumps. Gas pump B operated in constant pressure 
mode to set the system pressure and was subsequently filled with the consumed gas mix. Upon complete emptying 
of the gas pump A, the valve connecting the gas pumps to the pressure vessel was shut and the consumed gas mix 
was vented into the atmosphere from pump B. In the meantime pump A could be refilled with fresh gas mixture 
from the pressurized gas cylinder. This procedure was repeated until a stable sensor signal was achieved (= chemical 
equilibrium of water phase and gas mix inside the pressure vessel, provided the sensor signal is not subject to 
intrinsic drifting).  
The pressure vessel was tailor made by the Stanford machine shop; the fiber optic feed through was designed and 
engineered by PAVE Technologies. The two ISCO gas pumps were connected to the setup by means of Swagelock 
fittings and tubing. 
Figure 2: Experimental setup for equilibration of water with gas mixture and testing of the sensor response to different total pressures 
and CO2 partial pressures. 
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For testing the FOCS either in ambient or at high pressure, a 5 m length sensor is enclosed in a 7.5 cm diameter 
circular plastic pool and connecterized with fiber optic connectors. A visible lamp (Ocean Optics HL 2000) is 
connected at one end of the FOCS and a spectrometer (Ocean Optics, USB 4000) is connected at the other end for 
sensor for recording changes in transmittance of the fiber during different stages of experiment. In this way, the 
transmittance of the sensor is averaged along the length of the sensor segment, and therefore any measurement of 
the CO2 concentration. 
 
 
Figure 3: Experimental setup for analysing the response of the new fibre to various CO2 partial pressures at ambient pressure. 
 
The testing setup at IOS is illustrated in Figure 3. In this setup, variable partial pressure of CO2 (from 0.0 mmHg to 
760 mmHg) are be generated by volumetric mixing of pure CO2 and pure nitrogen. The flow rate of gas components 
is controlled precisely by programmable digital mass flow controllers (MFC1, MFC2 and MFC3). The sensor 
segment enclosed in a plastic pool is placed in aqueous solution and the solution is then equilibrated with the gas 
mix achieving concentrations of dissolved CO2 proportional to the partial pressure of the gas. The setup allows for 
continuous moisturizing of the gas mix (bubbling the gas stream through water in the ‘Bubbler’) enabling control of 
relative humidity when the sensors are tested in the gas phase. Moist gas is also used for testing the sensors in water 
in order to prevent water evaporation during the tests. 
3. Results 
3.1 Experiments at atmospheric total pressure 
Ambient pressure studies are carried out by investigating the response of the sensor to water equilibrated with 
different partial pressure of CO2 at atmospheric total pressure. Using the experimental setup illustrated in Figure 3 
we prepared gas mixtures with six different concentrations of CO2 in nitrogen: 0% (v/v), 1% (v/v), 3% (v/v), 6% 
(v/v), 10% (v/v) and 20% (v/v), which corresponds to partial pressure of CO2 of 0.15 psi, 0.44 psi, 0.88, 1.5 psi and 
2.9 psi. We started with injection of pure N2 gas, allowed the systems to reach equilibrium (after ca 2 hours) and 
then subsequently increased the CO2 concentrations up to 20% CO2 based on a pre-programmed sequence (each 
time injection for around 2 hours). This cycle was repeated four times to test for signal stability and repeatability 
over a time span of 16 hours. Figure 4 shows the signal response of the fiber optic sensor segment at the different 
concentrations of CO2 through a typical test.  
The transmittance of the sensor segment is recorded at 570 nm (integrating from 565 nm to 575 nm), which is the 
maximum of absorption of the pH indicator dye and at 850 nm, which is far from the absorption band of the 
indicator dye. The signal at 850 nm - the reference signal - may be affected by variation of the optical alignment, 
temperature or pressure effects on the polymeric cladding, but it is not affected by the concentration of CO2. The 
sensor signal at 570 nm, on the other hand, may be affected by all those effects and it is highly sensitive to the 
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concentration of CO2 in the water. The reference signal is used to correct the sensor signal for any variation not 
related to changes in the CO2 levels.  
As it is shown in Figure 5, the sensor signal is very sensitive to changes in CO2 partial pressure, while the reference is unaffected. The corrected 
signal is shown in blue. The sensor signal and corrected sensor signal are almost identical since no significant disturbances that could affect the 
transmission of light through the fiber occurred during the tests. As shown in Figure 4, except for the first cycle were sensor-stabilization was still 
ongoing, the sensor response to CO2 is highly repeatable and completely reversible when the CO2 is removed from the solution. The sensors have 
been similarly tested at variable salinity, from DI water to 250,000 ppm of NaCl and no effect on the sensor response due to salinity has been 
observed. 
 
3.1. Experiments at increased pressure 
After the successful performance of the fiber at atmospheric pressure, we continued testing at the Stanford lab at 
increased pressures. We used three different gas cylinders of fixed composition (pure N2, 1% CO2 – 99% N2, 6% 
CO2 – 94% N2) and step-wise increase of the total gas pressure to set the CO2 partial pressure. Starting with pure N2 
we injected the gas for several hours at ambient pressure, while continuously measuring the sensor response at 
several wavelength intervals (Figure 5, blue curve shows the corrected sensor signal). After approx. 2 hours the full 
spectrum of transmitted light was recorded (Figure 6 A, red curve shows the full spectrum at 14.7 psi pressure). 
Then, the pressure was increased in discrete steps to 50, 150, 250 and 350 psi, while after each equilibration interval 
the full spectrum of transmitted light was saved (Figure 6 A, black curve shows the full spectrum at 350 psi 
pressure). As can be seen in Figure 5, the sensor signal increases slightly – in a linear fashion – over time, which 
could indicate a slow leaching of the indicator from the polymeric cladding to the water solution or an effect of the 
increasing pressure.  
After finishing the pure N2 run, we depressurized the system and continuously injected the gas mix 1% CO2- 99% 
N2 at atmospheric conditions (the corrected sensor signal is shown as black curve in Figure 4). As during the N2 run, 
we continued the injection till a stable sensor response was reached and then recorded a full spectrum (Figure 5 B, 
red curve). Following the procedure outlined above for pure N2 injection, we stepwise increased the pressure to 350 
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Figure 4: Fiber response over time during atmospheric pressure experiment. The black line refers to an 
integrated wavelength signal between 565 to 575 nm. The red line shows the reference signal, which 
corresponds to the integrated wavelength signal between 850 to 855 nm). The blue line overlapping the 
black is the corrected signal with reference. (v/v) % of CO2 concentrations are indicated 
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psi (respective full spectrum given in Figure 5 B, black curve). Figure 4, black curve, illustrates the correlation 
between CO2 partial pressure and signal response. Since the experiments were typically started in the morning, the 
injection at 250 psi was partially performed overnight, which explains the significantly longer pressurization time at 
this pressure interval.  
  After depressurization of the system to atmospheric pressures, CO2 was released from oversaturated solution, 
and vented from the pressure vessel. In Figure 5, green curve, shows the corrected sensor signal during the injection 
with stepwise pressure increase of the gas mix 6% CO2 - 94% N2 from ambient to 350 psi.  
 
Figure 6 C presents the respective transmittance spectra. In agreement with the growing partial pressure of CO2, the 
sensor response increases after each equilibration stage. 
  
While the fiber signal typically stabilizes after 1 to 2 hours of injection and equilibration time, in some steps the 
signal keeps steadily drifting with time, in particular at the 250 psi interval. This insignificant sensor drift might be 
either due to long equilibration time of the water to the increasing partial pressure of CO2 or to a slow leaching or 
degradation of the indicator chemistry.  
 
In order to elucidate the cause of the signal variation under nitrogen and the signal drift observed during the steps 
conducted overnight, enhanced fiber optic sensors were fabricated increasing the thickness of the cladding with the 
objective of improving the retention of the indicator chemistry. In addition, the composition of the cladding was 
reformulated, and a different silicone rubber was used that we refer to as IOS-314, which consist of a very similar 
formulation than the IOS-194 but containing lower load of silica particle filler 
 
The tests described above were repeated using the reformulated sensors. Figure 7 shows a comparison of the 
sensor signal recorded under nitrogen with the first fiber optic sensor segment and with the new fiber optic sensor 
segment. In the later, no sensor signal variation associated with changes in the total pressure of the system is 
observed during the tests conducted under nitrogen. During steps conducted using mixes of CO2 in nitrogen (1% v/v 
or 6% v/v), a slight signal drift was still observed during the overnight steps. 
 
 
Figure 5: Sensor response at an integrated wavelength range of 565 to 575 nm over a total experimental run time of 28 to 38 hours with system 
pressure increasing in discrete intervals from ambient pressure (15 psi) to 350 psi absolute pressure. Blue: pure N2, no CO2; black: equilibration 
with gas mixture of 1% CO2 and 99% N2; green: equilibration with gas mixture of 6% CO2 and 94% N2.   
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Figure 6: Full spectrum of transmitted light at ambient pressure (red spectra) and 350 psi (black spectra). Subfigure A refers to the pure nitrogen 
system, B to a gas mix of 1% CO2 – 99% N2, and C to 6% CO2 – 94% N2. 
 
4. Discussion and conclusions 
The study conducted at ambient pressure shows efficiency of the FOCS to respond and quantify dissolved carbon 
dioxide in the range from 0 – 20 % (v/v) CO2 (which corresponds to concentration in equilibrium with pCO2 in the 
range of 0.0 to 2.9 psi at 25 qC in DI water). Repeatability and traceability of the sensor over five cycles indicates 
stability and reliable performance of the sensor at ambient pressure. Looking at performance features of the sensor 
up to 20% of CO2 (2.9 psi pCO2) has shown considerable evidence for testing this sensor at higher pressures.  
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The studies conducted at elevated pressure demonstrated the sensor capability to respond and quantify dissolved 
carbon dioxide at elevated pressure. The sensor signal when the sensor segment is immersed in water increases with 
the increasing partial pressure of CO2 in the gas phase. Figure 8 shows the corrected signals after equilibration and 
signal stabilization (measured signal at 580 nm corrected by the signal at 850 nm) versus the partial pressure of CO2 
(pCO2). The fact that the measured values follow one common trend confirms that the fiber response is dominated 
by the dissolved CO2 concentration. A slight spread of the pure-nitrogen data (black dots), is commented below. 
 
To evaluate the pressure effect under N2 pressure, Figure 8 shows the sensor signal during the tests conducted 
with the first sensor segment at elevated pressure together with the simultaneously measured pressure inside the 
pressure chamber. Apart from a constant signal drift, some correlation between each pressure step and the corrected 
sensor signal is observed. This effect on the sensor signal can potentially be attributed to the effect of increasing 
partial pressure of water in the environment, which increases the hydration of the polymeric cladding. This is not 
observed during the tests at ambient pressure, since partial pressure of water almost remain constant through the test, 
however, similar effects are observed when the fiber optic sensors are tested in the gas phase at varying relative 
humidity. This effect is insignificant compared to the response of the sensor in presence of CO2. The second sensor 
tested, fabricated with lower load of hydrophilic filler on the polymer, did not show the effect of the pressure in the 
signal, which support our assumption. 
 
 Though small in absolute value, in the first and second sensor tested, steady increase in signal response despite 
constant pressure during the overnight pressurizing at 250 psi (between Time 7 and 18 h on Figure 8) is observed, 
which indicates a linear drift of the sensor signal with time. This observation could be explained by a slow 
equilibration of the CO2 in the gas phase and the CO2 dissolved in the aqueous solution or to a migration or 
degradation of the indicator chemistry. Although this contribution to the total signal is small, the drift would limit 
the life of the sensor considering an eventual long-term installation in a CCS reservoir. IOS team is continuously 
working on improving sensor formulations to meet long-term requirements of CCS reservoir.   
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Figure 7: Plot of the sensor response at each chemical composition (after chemical 
equilibration and signal stabilization). 
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To conclude, our measurements show that the new intrinsic fiber optic sensor is capable of measuring in situ 
dissolved CO2 in dissolved media at different partial pressures at least up to 350 psi (most recent tests that will be 
published later have already demonstrate the operation of the sensor up to 2,000 psi). The sensor can withstand 
exposure to increased total pressures and provide a stable signal response proportional to dissolved CO2 
concentrations in an aqueous solution. These promising results suggest that the sensor has potential for eventually 
being used in long-term installations for measuring CO2 solubility at reservoir depths. These first high-pressure 
experiments represent a first step in the development of a new fiber optic system that eventually can be used to 
continuously monitor a CCS reservoir and overlying rock layers for CO2 leaks, quantify the extend of the potential 
leak and help to take informed decisions regarding remediation and further leak-containment measures. 
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